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ABSTRACT
Riley, Katherine S. MSME, Purdue University, August 2018. Bistable Snapping
Structures with Spatially Tailored Deformations via Distributed Pre-Strain. Major Professor: Andres F. Arrieta.
Materials capable of exhibiting inherent morphing are rare and typically reliant
on chemical properties. The resulting diﬀusion-driven shape adaptability is slow and
limited to speciﬁc environmental conditions. In contrast, natural composites, such as
those found in carnivorous plants, have evolved hierarchical architectures displaying
remarkably fast adaptation in response to environmental stimuli. Whereas pre-stress
in synthetic structures has conventionally been limited to uniform straight lines and
rectilinear geometries, here we present two strategies to achieve spatially distributed
pre-stress ﬁelds.
The ﬁrst approach entails the use of magnetically responsive aluminum oxide
platelets as reinforcements in an epoxy matrix to create bilayer composite shells.
Using rotating magnetic ﬁelds, the reinforcements of each layer are aligned during
curing at elevated temperatures. When cooled to room temperature, the result is
spatially distributed pre-stress ﬁelds. The high degree of tailoring possible with this
technique allows for the control of a structure’s multistability and complex stable conﬁgurations. Using similar material parameters as explored in previous experimental
studies, we employ nonlinear FEA to investigate the eﬀects of introducing curvilinear spatially distributed micro-reinforcements on the deformation of a shell with an
unusual bio-inspired geometry. The FEA model is subject to experimental validation
with magnetically aligned specimens. Comparison to a traditional [90/0] composite
layup demonstrates the advantages of magnetically aligned reinforcements to achieve
complex, snapping morphing structures with tailored characteristics.

xi
Unlike purely chemically based approaches to multistability, distributed pre-stress
is not limited to any speciﬁc material system or manufacturing method. The second
approach examined here relies on fused deposition modeling (FDM) 3D printing.
When thermoplastic ﬁlament is extruded during the printing process, the polymer
chains are stretched and quickly cooled before they can relax. Thus, directional
pre-strain is encoded in the structure along the path of extrusion. By leveraging
the shape memory eﬀect of polymer chains in combination with a bio-inspired bilayer architecture, we can create opposing pre-stress in printed polymer shells. At
room temperature, the shells are too stiﬀ to undergo the large strains necessary for
snap-through. However, above their glass transition temperature, the polymer shells
become rubbery elastic, and the opposing pre-strain ﬁelds can be designed such that
the shells are multistable with fast morphing at this elevated temperature range.
These switchable bistable structures (SBS) may be easily printed in complex, multidomain layups, again achieving a high degree of spatial tailoring of curvatures and
multistability. The shells are analyzed using nonlinear ﬁnite element analysis. By
leveraging the vast array of geometries accessible with 3D printing, this method can
be extended to complex, multi-domain shells, including bio-inspired designs.

1

1. INTRODUCTION
Morphing structures are becoming increasingly important across a range of engineering ﬁelds because of their potential for cost, weight, and part count reduction, as well
as more novel functionalities, including mechanical computing. A morphing structure
is one that can change shape in response to some external stimulus, such as a mechanical force or a change in temperature or humidity. Rather than relying on local
actuators and sensors, the shape change is inherent to the structure itself and can be
pre-programmed. Thus, a morphing part may be designed to optimize performance
in multiple diﬀerent operating conditions. These improvements in simplicity and eﬃciency over conventional structures oﬀer signiﬁcant promise in the ﬁelds of aerospace,
robotics, and biomedical devices.

1.1

State of the Art
Typically, morphing structures are engineered using nanometric material prop-

erties [1], such as shape memory alloys (SMAs) [2] and shape memory polymers
(SMPs) [3], or pre-stress, such as composite laminates [4] and tape springs [5]. Those
relying on nanometric material properties have the drawbacks of limited operating
conditions and material selection, as well as slow reaction times due to diﬀusiondriven shape change. SMAs are generally activated by a change in temperature that
provokes a phase change [2]. SMPs are usually activated by a change in temperature
that eﬀects polymer chain mobility in soft domains, although some respond to changes
in the surrounding pH, light, or chemistry [6]. Thus, the speed of morphing in these
structures is limited to how fast these external factors can be changed. This dependency on external conditions for shape change restricts the potential applications for
these structures. Furthermore, SMAs are limited to only a few alloys that exhibit
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the appropriate phase changes for shape memory, and SMPs are limited to polymers
with adequate ratios of hard and soft domains that respond diﬀerently enough to the
external actuation used. However, SMAs and SMPs do oﬀer a wide variety of geometries and deformations. For example, SMPs have been used to manufacture highly
personalized, self-deploying medical devices [7], and SMAs have been implemented in
motor parts and robotic actuators [8].
In contrast, stored pre-stress allows for fast morphing and is not limited to speciﬁc
operating conditions or materials. Furthermore, stored pre-stress is more commonly
used in bistable structures that can snap back and forth from one state to another,
whereas many shape memory materials exhibit only one way morphing. However,
the geometries attainable with the stored pre-stress approach have conventionally
been limited to simple designs by the use of continuous ﬁber composites [4, 9, 10].
Most composite layup technologies use uniform, straight ﬁbers, meaning the pre-stress
ﬁelds generated will also be uniform and linear. Even automated ﬁber placement
machines are limited to only gradual changes in angles [11]. Multi-domain designs
with diﬀerent, discontinuous layups in diﬀerent regions throughout a composite shell
have been examined to achieve distributed pre-stress. However, these tessellated
composites are still limited to linear pre-stress and rectangular sub-geometries [12].
This approach also does not address the manufacturing diﬃculty of cutting ﬁbers to
create curvilinear shapes, and part geometry remains limited to largely straight lines.

1.2

Scientiﬁc Gap
Biological structures are able to combine complex geometries with fast morphing

through the combination of hierarchical architectures and spatially distributed prestress. A hierarchical structure is one whose overall behavior results from its properties at multiple diﬀerent length scales. Nature has used this multi-scale organization
of simple building blocks to achieve remarkable properties and functionalities. While
improving one property in a synthetic structure usually comes at the cost of worsening
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another (for example, strength and weight), nature is able to achieve seemingly competing objectives with material and structural hierarchies [13–15]. Examples include
the extreme strength and toughness of nacre, as well as the strength and hardness of
squid beaks. Both are due to the specialized organization of building blocks from the
nano to micro to macro scales [15].
Concerning morphing structures, there are numerous examples throughout the
plant kingdom of hierarchical architectures producing fast motion based on pre-stress,
in combination with complex shape change and curvilinear geometries [16–19]. For
example, the Venus ﬂytrap (Dionaea muscipula), compared to a conventional composite shell in Figure 1.1, achieves fast morphing along with distributed curvatures
that allow its leaves to quickly snap shut and encapsulate prey. This is due to the
leaves’ hierarchical architecture that results in spatially distributed pre-stress, causing the leaves to be bistable [16, 20]. The leaf tissue is made up of a bilayer of cells
that are pre-stressed in diﬀerent, changing directions, as illustrated schematically in
Figure 1.1b. The multi-scale interaction of the individual cells’ pre-stress, their overall arrangement, the bilayer architecture, and the leaf’s overall geometry generate the
snap-buckling eﬀect responsible for the rapid closure of the trap [16, 20]. Previous
attempts at creating synthetic Venus ﬂytrap leaves have been able to mimic the fast
snapping motion but not the curvatures, leaving large gaps in the ”closed” conﬁguration [21–23] or requiring secondary structures to achieve an enclosed space [24, 25].
This points to a gap in previous research on morphing structures: leveraging hierarchical architectures to create structures capable of exhibiting fast, complex shape
change combined with spatially tailored deformations.

1.3

Scientiﬁc Contribution
The research presented here addresses this gap by examining two diﬀerent ap-

proaches to achieving bio-inspired, fast morphing structures with complex geometries
via spatially distributed pre-stress. First, inspired by the Venus ﬂytrap, we use a hier-
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archical material system consisting of an epoxy matrix with aluminum oxide platelets
as reinforcements to create bilayer shells. The platelets are functionalized with iron
oxide nanoparticles in order to be magnetically responsive. As a result, they can be
aligned in curvilinear patterns during curing with an external magnetic ﬁeld [26, 27].
When the composite shells cool to room temperature, the spatial distribution of directional material properties results in complex, distributed pre-strain ﬁelds, which
in turn dictate the multistability and tailored deformations of the shells. Using a
custom Python script in Abaqus, we develop a nonlinear ﬁnite element analysis tool
to accurately model these snapping structures with curvilinear reinforcements. Four
samples are created to model the eﬀects of changing the magnetic ﬁeld lines on the
deformed conﬁgurations and to demonstrate the advantages of this manufacturing

Figure 1.1. (a) Snapping composites are limited to simple geometries
and deformations when conventional uniform, straight ﬁber reinforcements are used. (b) The leaves of the Venus ﬂytrap, which can snap
quickly between open and closed states to capture prey, have curvilinear internal reinforcements, which allow them to have spatially distributed deformations.
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technique over conventional composites. Our analysis approach is subject to experimental validation with two manufactured, bistable structures.
We then translate the concept of spatially distributed pre-strain ﬁelds to fused
deposition modeling (FDM) 3D printing. Because of the shape memory eﬀect of
polymers, directional pre-strain can be encoded into a part while it is being printed
[28]. Combining this encoded pre-strain with a bilayer architecture, we are able
to manufacture thermoplastic shells that are printed ﬂat but deform and become
bistable at elevated temperatures. When cooled down to room temperature, the
shells return to being stiﬀ and monostable. This switchable bistability adds another
layer of functionality to morphing structures. Leveraging the geometric freedom of
3D printing, we can create multi-domain designs to manufacture parts with increasing
degrees of geometric complexity, including curvilinear shapes. Ultimately, this work
indicates the exciting possibilities presented by bistable structures with distributed
pre-stress, and points to future research opportunities concerning spatially distributed
pre-stress in snapping structures.
The following papers and conference proceedings have been published as part of
this research:
K. S. Riley, H. Le Ferrand, and A. F. Arrieta, Modeling of bio-inspired, snapping
composite shells with magnetically aligned reinforcements, in ASME Conference on
Smart Materials, Adaptive Structures and Intelligent Systems, 2017.
K. S. Riley, H. Le Ferrand, and A. F. Arrieta, Modeling of bio-inspired, snapping
composite shells with magnetically aligned reinforcements, Smart Mater. Struct.,
2018. (Accepted)
K. S. Riley, H. Le Ferrand, and A. F. Arrieta, Bio-inspired distributed pre-stress from
magnetically aligned microstructures for fast morphing, poster presented at Gordon
Research Conference on Multifunctional Materials and Structures, 2018.
K. S. Riley, K. J. Ang, J. Faber, and A. F. Arrieta, Multi-stable shape programmable
shells from 3D printed induced pre-stress, poster presented at Gordon Research Conference on Multifunctional Materials and Structures, 2018.
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K. J. Ang, J. Faber, K. S. Riley, and A. F. Arrieta, Switchable bistability in 3D printed
shells with bio-inspired architectures and spatially distributed pre-stress, in ASME
2018 Conference on Smart Materials, Adaptive Structures and Intelligent Systems,
2018.
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2. BIO-INSPIRED, FAST MORPHING SHELLS WITH
MAGNETICALLY ALIGNED REINFORCEMENTS
This chapter has been adapted from the conference paper Modeling of Snapping Composite Shells with Magnetically Aligned, Bioinspired Reinforcements, submitted to the
proceedings of the ASME 2017 Conference on Smart Materials, Adaptive Structures
and Intelligent Systems [29]. A journal paper has been accepted by Smart Materials
and Structures (July 2018).

In order to fulﬁll the vast potential of multistable structures in robotics, aerospace,
and other technological ﬁelds, fast shape adaptation must be combined with more
complex geometries. This gap can be addressed with material programmability inspired by biological structures, including seedpods and carnivorous plants: composites
based on hierarchal architectures that respond to external stimuli [16, 30–32]. Drawing on this bio-inspiration, researchers have developed programmable materials whose
microstructures can be designed for specialized functionalities, including the creation
of bistable, snapping composite shells [27,31,33,34]. This is achieved through manipulation of the alignment of the material reinforcements, namely hard ceramic alumina
micron-sized platelets in an epoxy matrix [35].
Experimental results using this material system are extremely promising, but
only limited research has been done on the structural analysis of these programmable
materials [27]. Accurate ﬁnite element modeling of these structures and their spatially
distributed reinforcements is necessary for more eﬃcient, optimized design. This ﬁnite
element analysis (FEA) involves not only nonlinear snap-through behavior, but the
modeling of spatially distributed material properties and atypical geometries as well.
Commercial ﬁnite element software is not directly capable of this type of modeling;
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rather, custom tools must be developed to eﬃciently model and analyze these types
of structures.
Here, the FEA of epoxy/alumina composite shells inspired by the Venus ﬂytrap’s
leaves is presented, introducing a tool for modeling and designing fast-morphing structures with curvilinear internal reinforcements, schematically shown in Figure 2.1. The
reinforcements of the Venus ﬂytrap are of particular interest because their spatially
tailored distribution causes the trap to exhibit both fast morphing and the complex
curvatures that allow it to enclose prey [16]. The geometry of the composite shells,
the material properties, and the curing temperature are drawn from [27]. Through
the ﬁnite element modeling of these structures, the eﬀects of various reinforcement
schemes on deformation and bistability are explored. First, a baseline model is cre-

Figure 2.1. The curvilinear reinforcements of the Venus ﬂytrap leaves
serve as bio-inspiration for the synthetic composite considered here.

9
ated using a traditional composite layup of [90/0] deﬁned in Cartesian coordinates.
Then, a Python script for Abaqus is developed to fully and accurately model reinforcements that follow magnetic ﬁeld lines. The demonstrated eﬀects and advantages
of these complex reinforcements are discussed, with four diﬀerent samples. Finally,
an experimental validation is performed using manufactured specimens.

2.1

Shape Programmable Materials from Hierarchical Architectures

2.1.1

Materials

The programmable material system considered here consists of a mixture of epoxy
resin and aluminum oxide platelets. The platelets are functionalized with iron oxide
prior to utilization, following the procedure described in previous studies [35–37].
The aluminum oxide (Al2 O3 ) platelets are RonaFlair White Sapphire (Merck KGaA),

Figure 2.2. (a) Alumina platelets are functionalized with iron oxide
to be magnetically responsive. (b) Schematic of the casting and alignment process of a bilayer shell. (c) Schematic of a bilayer shell with
platelets aligned in a [90/0] layup. (d) Electron micrograph showing
actual [90/0] aligned platelets. The. manufacturing process follows
that of [27].
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Figure 2.3. Photograph of the experimental setup for curing the
specimen with magnetically aligned reinforcements.

with an average diameter of 10 µm and an average thickness of 250 nm. They are
functionalized with super-paramagnetic iron oxide nanoparticles (SPIONs) of 10 nm
in diameter (EMG 705 ferroﬂuid, FerroTec). We use 2.25 mL of ferroﬂuid per 20 g
of platelets. The epoxy used is Araldite GY 250 CH (Huntsman), combined with the
crosslinker Aradur 917 (Huntsman) and Jeﬀamine D230 (Huntsman). Accelerator
DY 070 (Hunstman) is added to expedite the curing process. A typical preparation
includes 2.93 g of Araldite, 2.55 g of Aradur, 0.13 g of Jeﬀamine, 0.05 g of Accelerator,
and 2.56 g (10 volume %) of functionalized platelets.

2.1.2

Preparation of Composite Shells

All components of the composite material are thoroughly mechanically mixed at
800 rpm. The mixture is then cast onto an aluminum plate covered in high temperature release ﬁlm (FibreGlast). A mold made of contact paper is adhered to the ﬁlm
to control the thickness and geometry of the shell. A sheet of Teﬂon is placed on the
liquid, and a second aluminum plate is clamped on top to compress the mixture and
ensure it spreads evenly. The composite is then cured at 100◦ C for 8 hours, with a
magnet (Neodymium, 50x50x10 mm size and 150 mT strength, Apex Magnets) con-
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stantly rotating at 150 rpm above the mold. After the curing of the ﬁrst composite
layer, the second layer is cast directly onto the ﬁrst layer and is manufactured following the same procedure but with the magnet position and/or orientation adjusted,
depending on the desired reinforcement architecture. The overall experimental procedure closely follows that of Schmied et al. [36]. Figure 2.3 shows the curing setup
with the rotating magnet over the mold.

2.1.3

Alignment of Magnetically Responsive Reinforcements

The alignment of the platelets is determined by the placement and rotational frequency of the magnet. As described by Erb et al. [26], once the magnet is rotating
faster than a certain critical frequency, the viscous torque of the epoxy matrix prevents
the platelets from rolling along with the magnetic ﬁeld. Thus, the platelets assume
a position of minimum energy, which requires them to locally orient themselves vertically and to globally align along the magnetic ﬁeld lines (Figure 2.2). Moving the
magnet changes the resulting ﬁeld lines, and therefore the spatially distributed alignment of the platelets and resulting pre-strain distribution generated when the shell
is cooled to room temperature after curing. Thus, the rotating magnet placement
controls the shell’s deformations and bistability. In this application, the magnets axis
of rotation on the ﬁrst layer is always perpendicular to that of the second layer. This
ensures that the resulting pre-stress ﬁelds of the two layers are suﬃciently opposing
to generate bistability.

2.2

Finite Element Analysis of Spatially Distributed Reinforcements

2.2.1

Base Model: Conventional [90/0] Layup

In order to serve as a point of reference to conventional bistable composites, an
initial model of the leaf, Sample 0, is created using a conventional composite layup
of [90/0] deﬁned in a global Cartesian coordinate system. The bio-inspired geometry,
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shown in Figure 2.4(a), introduces a new element compared to the usual rectangular, bistable [90/0] composite. While these curves would be diﬃcult to manufacture
without damaging long-ﬁber carbon reinforcements, they are easily achieved utilizing
an epoxy and magnetically responsive alumina platelet reinforcement composite system [27,35]. This processing technique based on cast molding allows for creating complex, geometrically distributed reinforcements along magnetic ﬁeld lines by proﬁting
from the magnetic responsiveness of the reinforcing functionalized alumina [26, 37].
The leaf is modeled in Abaqus using linear elastic material properties and geometric nonlinear analysis. A structured mesh composed of 1,496 quadrilateral S4R shell
elements and 1,575 nodes is used, depicted in Figure 2.4(b). Throughout the analysis,
a center point is held ﬁxed. The shell model is initially at the curing temperature of

Figure 2.4. (a) The geometry and (b) mesh of the leaf model in
Abaqus. (c) A center point is held ﬁxed throughout the analysis. (d)
Enforced displacements are applied to the top two corners to trigger
snap-through.
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100◦ C and then cooled to room temperature, 20◦ CC, which causes the leaf to deform
to its ﬁrst stable state. Snap-through is provoked by displacing the top two corners
of the leaf, illustrated in Figure 2.4(c) and Figure 2.4(d). If the leaf is bistable, it will
snap to its second stable state; otherwise, it will return to its original deformed state
when the corners are released.
The resulting stable states of Sample 0 (Figure 2.5) conform to the two well-known
stable states of a conventional [90/0] composite plate subject to a thermal load (Figure
1.1). The ﬁrst stable state shows cylindrical curvature about the y-axis, and the
second state shows cylindrical curvature about the x-axis. Both states display uniform
curvature along the plate in the direction of the curvature axis. This corresponds to
the straight, uniform reinforcements, which are reminiscent of a traditional carbon
ﬁber composite layup. The maximum normal displacement is 20.33 mm in the +zdirection in State 1, and 11.64 mm in the -z-direction in State 2. The geometry
and the modeling of two thin sedimentation layers, resulting from the manufacturing
technique, account for the asymmetry in the two stable states [27].
The reaction force vs. displacement plot is shown in Figure 2.6, using output
from a node at one of the displaced corners in the model, labeled in Figure 2.4(d).
The reaction force switches sign at approximately 1.5 mm of displacement, indicating
snap-through from State 1 to State 2. The sharp change is due to the damping
required for the FEA model to converge during the nonlinear snap-through event.
The levels of damping used are found to have no eﬀect on the equilibrium states, and
we ensure that the damping energy is acceptably small compared to the total strain
energy of the model.

2.2.2

Development of Python Code to Model Magnetically Aligned Reinforcements

In order to fully and accurately model the reinforcements along magnetic ﬁeld
lines, a Python code is developed to create and analyze custom ﬁnite element models
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Sample 0
U3 (m)

State 1

U3 (m)

State 2

Figure 2.5. Sample 0, which has a conventional, uniform [90/0] layup,
is shown in its two stable states. The contours show the displacement
in the z-direction, U3, in meters. A deformation scale factor of 2 is
used for clarity.

Figure 2.6. Reaction force vs. displacement plot for Sample 0 during
the snap-through step. The reaction force crosses 0 N at approximately 1.5 mm of displacement, signaling snap-through.
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with user-deﬁned reinforcement schemes. This code was built on the framework
of the program developed by Schmied et al. [27], which considered the eﬀects of
reinforcements deﬁned in cylindrical coordinate systems on square plates made of
the same alumina platelet/epoxy material system used here. The code calculates
magnetic ﬁeld lines for each layer and creates a unique local coordinate system for
each element, with the 1-axis in the direction of the ﬁrst layers reinforcement. It next
calculates the angle, θ, between the reinforcements of the two layers, according to the
composite layup convention of −90◦ < θ ≤ 90◦ . The code then creates and assigns to
the element a unique section card with this layup. Plots showing the magnetic ﬁeld
lines and corresponding 1-axes for a leaf are shown in 2.7.
The magnetic ﬁeld lines for each layer are modeled according to the magnetic ﬁeld
equations of a dipole point source, with the samples 50 mm below the point source. It
should be noted that here, we take into account only a static magnetic ﬁeld, whereas in
the experiment, the magnet is rotating. Our intent is to see the inﬂuence of potential
ﬁeld lines on the deformation, rather than to reproduce the experiment exactly. The
static point source model proves to be acceptable for modeling the rotational ﬁeld if
the z-axis distance between the point and the plane of the sample is doubled. More
precise modeling of the ﬁeld lines for a rotating magnet and the platelets response is
outside the scope of this study and will be described in a future work. The result of
this technique is that each element has a unique, custom SHELL card and section card
in the Abaqus input ﬁle. A similar method has been used before to model spatially
distributed reinforcements; for example, by Lopes et al. [38] to model composites
made using ﬁber tow placement. However, magnetic ﬁeld lines and bistability were
not considered.

2.2.3

Tailored Shape Change Using Magnetically Alignment

Using the Python code, four samples are created with the magnet at alternating
y-axis positions A and B for layers 1 and 2, as shown in Figure 2.8. The resulting
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magnetic ﬁeld lines for each sample are shown in Figure 2.9, the stable states are
shown in Figure 2.10, and the reaction force vs. displacement plots are shown in
Figure 2.11.
The possibilities created by these complex reinforcements, as opposed to conventional straight ﬁber composites, are demonstrated by the diﬀerent State 1 and State
2 deformations (Figure 2.10). The use of highly tailored reinforcements allows for the
control of both the magnitude and overall shape of the deformations in each state.

Figure 2.7. (a) The magnetic ﬁeld lines used to create the 1-axis
of the element coordinate systems shown in (b). The Python code
creates a unique coordinate system and section card for each element.

Figure 2.8. Magnet positions A and B are shown relative to the leaf
geometry. Position A is at y = 20 mm and position B is at y = 70
mm.
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Figure 2.9. The magnetic ﬁeld lines of the four samples are shown
schematically, with layer 1 in blue and layer 2 in yellow.

For example, Sample 4 shows a maximum deﬂection of 10.82 mm in State 1 and 7.35
mm in State 2, while Sample 1 deﬂects only 8.55 mm and 6.17 mm in States 1 and
2, respectively. All four samples exhibit bistability.
The samples also demonstrate how the deformation of the shells can be spatially
tailored to achieve bio-inspired functionalities. Using conventional layups, as in Sample 0, it is not possible to create a completely enclosed space, like the Venus ﬂytrap
does when it snaps closed. While straight reinforcements oﬀer increased deﬂection
magnitudes due to the uniformity of the resulting pre-strain, their limited deformed
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Figure 2.10. State 1 and State 2 of the four diﬀerent samples with
magnetic reinforcements shown in Figure 2.9. The contours correspond to the displacement in the z-direction, U3, in meters. A deformation scale factor of 2 is used for clarity.
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Figure 2.11. Reaction force vs. displacement plots for all four FEA
samples. The reaction force is zero at three points: the State 1 and
State 2 stable conﬁgurations and during snap-through, when the samples pass through an unstable equilibrium. This indicates bistability.
Sharp changes in slope are due to the damping required for nonlinear snap-through; however, the level of damping used is not found to
aﬀect equilibrium conﬁgurations.
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shapes prevent any sealing of the edges. However, State 2 of Sample 3 demonstrates
the possibility of achieving an enclosed space through the use of spatially distributed
reinforcements, as it shows positive Gaussian curvature in the center area of the leaf.
Further optimization of the magnetic ﬁelds used could be performed to achieve a
fully functional trap. This progression is illustrated with SolidWorks assemblies of
Samples 0 and 3 in Figure 2.12, where it is clear that the shells with magnetically
aligned reinforcements more closely resemble the Venus ﬂytrap geometries.

Figure 2.12. The use of magnetically aligned reinforcements allows for
spatially tailored pre-strain in order to achieve bio-inspired, functional
shapes not accessible with conventional straight ﬁber reinforcements.

The deﬂections shown here can be ampliﬁed by increasing the thermal shrinkage
of the plate, either by increasing the temperature drop during cool down, or by
adjusting the chemistry of the system. Deﬂections can also be increased or decreased
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by controlling the thickness of the shells, as well as the magnetic ﬁeld, as demonstrated
by the samples.

2.3

Experimental Validation
While our primary objective is to explore the eﬀects of varying reinforcement

schemes using the FEA model, an experimental validation is conducted to conﬁrm
the applicability of the model. We compare the deformations of two manufactured
specimens with those predicted by our model. The deformations of the experimental
specimen, ﬁxed at a center point to correspond with the FEA model (Figure 2.4)
as shown in Figure 2.13(a), are measured in each stable state using 3D digital image
correlation (DIC) and VIC-3D software. The speckle pattern is applied by hand using
a silver permanent marker. The deformation data is exported and plotted in Matlab.
The software is unable to calculate data in a band approximately 6 mm wide around
the perimeter of the shell (Figure 2.13(b)).

Figure 2.13. (a) The experimental specimen with the speckle pattern
applied, ﬁxed with magnets at the center. (b) The shaded colored
region is analyzed by the DIC. The dotted line marks the perimeter
of the entire leaf.

22
The DIC data is plotted for each specimen’s stable states in Figure 2.14. The
FEA model for each experimental specimen is adjusted to reﬂect the actual magnet
placement used for the alignment of each layer and the specimen’s average thickness.
The DIC and FEA data are plotted together in Figure 2.15. FEA results are plotted
using code adapted from [39].

Figure 2.14. Specimens 1 and 2 are shown in their two stable states
using DIC data. Manufacturing imperfections are noticeable in the
uneven surfaces of the specimens. The color bars show the z-direction
displacement in meters.

Qualitatively, the model shows good agreement with the experimental data. The
overall shape of each specimen is captured by the model, as well as the order of
magnitude of the spatially distributed deformations. To compare the DIC and FEA
quantitatively, points are chosen along a grid with approximately 10 mm spacing, and
the relative error of the FEA to the DIC data is calculated. Points with less than 1
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Figure 2.15. The DIC (opaque diamond points) and FEA (transparent mesh surface) data are superimposed for comparison. The overall
shapes of each state show good agreement. The color bars show the
z-direction displacement in meters.

mm of deﬂection in the DIC data are not included in this calculation, as the uneven
surfaces of the specimens and slight misalignments of the DIC and FEA data have
exaggerated impacts on the error calculations for these points. Specimen 1 is found
to have an average relative error of 13% in State 1 and 12% in State 2. Although the
edges of Specimen 1 in State 2 do not match, the center shows very good agreement,
resulting in the lower error value. Specimen 2 shows higher average relative errors of
21% and 16% in States 1 and 2, respectively. Some disagreement is expected because
of manufacturing imperfections, including varying thickness throughout the shell and
rough edges. The unevenness of the specimen surfaces can be seen in the DIC data
(Figure 2.14). Furthermore, the degree of alignment of the platelets farther away from
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the magnet remains to be studied. While the precise deﬂections of the experimental
specimens do not align exactly with the FEA, our technique of modeling the spatially
distributed reinforcements is demonstrated to be an eﬀective tool in predicting the
general behavior of shells with curvilinear magnetically aligned reinforcements.

2.4

Summary
The ﬁnite element modeling of bio-inspired composite shells with magnetically

oriented, spatially distributed reinforcements is presented. The capability of modeling the complex deformation of an unusual geometry using various magnetic ﬁelds
has been demonstrated in this study for the ﬁrst time, and is supported by an experimental validation. The established tool allows for directly investigating the eﬀects
of complex manufacturing in the programmed shape adaptability of such snapping
shells. Therefore our approach allows for linking eﬀects across scales by leveraging micro-structure design, meso-structure spatial reinforcement distribution, and
macro-structure shapes to create functionality from fast reconﬁguration of the resulting bistable structures. While the traditional [90/0] leaf results in the highest
deﬂections, the use of spatially distributed reinforcements allows for tailored curvatures that are unattainable with traditional straight ﬁber composites. This research
indicates the strengths of using ﬁnite element modeling to design this type of highly
customized composite shells.
The four sample models shown here highlight just a fraction of the range of shapes
that can be achieved from structures made of programmable materials. Once a design
is no longer limited to conventionally oriented reinforcements, the possibility of tailoring stable states is signiﬁcantly expanded. The results shown here also demonstrate
the capability of this manufacturing method to produce bistability in a structure.
The reinforcements may be tuned not only to achieve certain deformed shapes but
also to control whether or not a structure is bistable.
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Our methodology can be used as a tool for designing fast-morphing shells based
on multi-stability with complex, spatially varying reinforcements. In particular, the
presented program can generate spatially distributed reinforcements based on either
an input ﬁle or an input equation, allowing the user to quickly experiment with
diﬀerent reinforcement schemes and resulting pre-stress ﬁelds, which are not limited
to magnetic ﬁeld lines. Optimization methods could be employed to determine a
favorable scheme for a desired deformation in the model, and this could then be
implemented experimentally.
The method of distributed pre-strain is not limited to any speciﬁc material system. While here, we use an expoxy/aluminum oxide composite system to achieve
material hierarchy, in the following section we leverage the shape memory eﬀect of
polymers, using a diﬀerent manufacturing method to realize the same general approach: distributed pre-strain ﬁelds that generate multistability and tailored deformations. These two methods illustrate the adaptability and versatility of utilizing
distributed pre-strain ﬁelds and carefully controlled material architectures to achieve
multifunctionality.
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3. SWITCHABLE BISTABILITY USING 3D PRINTED SPATIALLY
DISTRIBUTED PRE-STRESS
This chapter has been adapted from the conference paper Switchable Bistability in 3D
Printed Shells with Bio-Inspired Architectures and Spatially Distributed Pre-Stress,
submitted to the proceedings of the ASME 2018 Conference on Smart Materials, Adaptive Structures and Intelligent Systems [40].

We now examine an alternative approach to generating spatially distributed prestrain to achieve snapping structures: programming shape memory polymer (SMP)
ﬁlament with FDM 3D printing. Van Manen et al. demonstrated that a sample of
polylactic acid (PLA) ﬁlament extruded with a fused deposition modeling (FDM) 3D
printer exhibits shrinkage in the extrusion direction when heated to its glass transition
range, due to the shape memory capabilities of PLA [28]. By optimizing printer settings and controlling the extrusion direction, initially ﬂat prints can be programmed
to perform sequential shape-shifting or self-folding origami [28]. Wang et al. utilized
this technique by printing PLA on a paper substrate in order to create polymer/paper
bilayer structures that can exhibit bending, twisting and folding when heated [41].
Here, we utilize a bio-inspired bilayer architecture with both layers consisting of extruded ﬁlament. The bilayer allows us to induce opposing pre-stress ﬁelds, resulting in
bistability at elevated temperatures and monostability at room temperature; thus, the
stability may be thermally switched on and oﬀ. These switchable bistable structures
(SBS) also have additional shape memory capabilities [3, 28].
This approach addresses a limitation found in morphing structures in general [42],
and multistable structures [43–45] in particular: they cannot carry large loads before
snapping, or alternatively, if they can carry large loads, they require large forces to
snap. With switchable bistability, the stiﬀness and multistability of the structure
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may be repeatedly changed using temperature. While bistable, the SBS are elastic
and exhibit fast morphing with low actuation force. While monostable, the SBS
are stiﬀ with increased load carrying capability. This versatility presents augmented
multifunctionality over conventional bistable structures.
First, we examine the shape memory eﬀect of FDM printed PLA. We then outline
the manufacturing process to create the bilayer SBS and discuss key factors aﬀecting their mechanical and material properties. These structures are analyzed using
ﬁnite element analysis, with comparisons between experimental and computational
results. Lastly, we present examples of more complex and bio-inspired SBS structures
manufactured with this technique.

3.1

Shape Memory Eﬀect in PLA: A Method of Inducing Pre-Stress into
Structures
Shape memory polymers can change both their shape and mechanical proper-

ties in response to external stimuli due to the presence of phase separated hard and
soft domains. While the hard domain provides stiﬀness, the soft domain acts as a
molecular switch for shape memory. The polymer’s transition temperature, Ttrans ,
is either the melting temperature, Tm , of a semi-crystalline soft phase, or the glass
transition temperature, Tg , of an amorphous soft phase. Below Ttrans , the polymer is
glassy and stiﬀ. When heated above Ttrans , the polymer chains in the soft phase gain
increased mobility, and the polymer becomes rubbery elastic and easily deformable.
If the polymer is deformed from its permanent shape above Ttrans and cooled before
the polymer chains relax, the chains will be frozen in energetically unfavorable conﬁgurations. This programming stores stress in the polymer. When reheated above
Ttrans , the chains are free to return to their previous energetically favorable coils, thus
remembering the permanent shape [3, 6].
Using the shape memory thermoplastic PLA, van Manen et al. developed a technique to manufacture morphing structures with FDM 3D printing [28]. PLA has a

28
crystalline hard domain and an amorphous soft domain, with Tg of the soft domain
as its Ttrans . As the molten polymer is extruded from the nozzle, the polymer chains
are stretched in the direction of extrusion (Figure 1a and 1b). The ﬁlament is constrained by the print bed and adjacent layers as it cools, freezing the polymer chains
in a stretched state and storing pre-stress in the part (Figure 1c). Thus, the printing
and programming processes are combined into a single step. When the sample is
removed from the print bed, it shrinks slightly (Figure 1d). To activate the sample,
it is heated to its activation temperature, Tact , where Tg < Tact < Tm , which causes
the stretched polymer chains to recoil and the sample to shrink and assume its permanent shape (Figure 1e). Cooling the sample to room temperature, Troom , returns
it to the stiﬀ, glassy state (Figure 1f). The printed sample can be reprogrammed to
an arbitrary shape by reheating it to Tact , deforming it and cooling it down to Troom .
Activating the sample again will cause it to recover its permanent shape [3, 6, 28].

3.2

Creating Switchable Bistable Structures
Leveraging this shape memory behavior in combination with a bilayer architec-

ture, we can achieve 3D printed structures that exhibit fast morphing at elevated
temperatures. As shown in Figure 3.1, the printed ﬁlament will contract in the direction of extrusion when heated above Tg . This is because the stretched polymer chains
are able to return to more energetically favorable coils. When two layers are stacked
on top of each other so that the extrusion directions are perpendicular, each layer is
constrained by the other and prevented from fully contracting in its extrusion direction. Thus, we create perpendicular pre-stress, as is found in a conventional [0/90]
composite laminate. Above Tg , the resulting SBS is bistable because the opposing
pre-stress directions cause it to have two minimum energy states, each corresponding
to the contraction of one of the layers (3.2). When heated, the ﬂat print will initially
deform to either stable state, or an unstable equilibrium saddle shape, because of the
shape memory eﬀect: the polymer chains’ increased mobility in the rubbery elastic
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Figure 3.1. Thermo-mechanical chart of a single unidirectional extruded layer of PLA using FDM 3D printing. On the right is an
illustration of the polymer chains in the sample during the manufacturing process shown on the left. (a) Thermoplastic ﬁlament is melted
at Tprint > Tm . Polymer chains are entangled in random coils. (b)
Filament is extruded onto the print bed. Polymer chains are stretched
and generally aligned unidirectionally, generating a total pre-strain of
s +th , where s is pre-strain induced by the extrusion process and th
is pre-strain induced by cooling. (c) Printed layer of extruded thermoplastic is cooled to Troom . Pre-strain is generated between the print
bed and the print due to constrained contraction of PLA. (d) The sample is removed from the print bed, and a small amount of pre-strain
is released. Polymer chains are still generally aligned and stretched.
(e) The sample is activated by heating it to Tact , Tg < Tact < Tm , and
the print shrinks in the direction of extrusion as the polymer chains
are free to recoil. Heating the sample to a higher Tact causes greater
shrinkage (dashed lines). (f) The print is cooled to Troom , freezing the
permanent shape.

state allows them to suddenly contract. As long as the SBS remains at a temperature
above Tg , it can be snapped between the two minimum energy conﬁgurations with
an external mechanical force. Once the SBS is cooled below Tg , the polymer chains

30
are frozen again, making the structure too stiﬀ to undergo the large strains necessary
for snap-through, and therefore monostable (Figure 3.2). This activation process is
repeatable.
The manufacturing process of a bilayer [0/90] SBS is illustrated in Figure 3.2.
Each layer in the bilayer may be composed of multiple printed layers, depending on
the desired thickness and print layer height. The ﬁrst printed layer is extruded onto
and constrained by the print bed. The polymer cools upon leaving the extruder nozzle
and becomes rigid. Subsequent printed layers are constrained by previously printed
layers. The ﬁrst group of printed layers (Figure 3.2a) is extruded in a direction that
is perpendicular to that of the second group of layers (Figure 3.2b). The sample is
removed (Figure 3.2c) and activated by submersion in a warm water bath at Tact (red
backgrounds in Figure 3.2). The shrinkage of each group of layers at perpendicular
directions results in the SBS having two minimum energy states, making it bistable
above Tg (Figure 3.2d). The structure can be set to either one of the stable states
or an arbitrary shape, and cooled to become monostable (Figure 3.2e, green backgrounds in Figure 3.2). Reheating the sample causes it to become bistable again, and
the shape memory eﬀect causes it to return to one of its stable conﬁgurations if it
was cooled in an arbitrary shape. Thus, the bistability can be switched on and oﬀ via
temperature. nanoparticles Both high-level and low-level design hierarchies are incorporated in this manufacturing method, thus providing multiple design channels for
controlling the ﬁnal behavior of the produced structures. High-level design hierarchy
is associated with the overall conﬁguration of the extrusion, such as the number of
layers, direction of extrusion, spatial distribution of extrusion directions, and the use
of passive elements. The low-level design hierarchy is associated with the programming process of the polymer during extrusion, which aﬀects the amount of stretching
the polymer chains experience and the degree of shrinkage during activation. Van
Manen et al. identiﬁed a list of printing parameters and their eﬀects on the pre-stress
of the polymer: decreasing the print temperature and the layer height can increase the
pre-strain of the polymer chains [28]. In dynamic mechanical analysis (DMA) studies,
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Figure 3.2. FDM 3D printing a switchable bistable structure (SBS)
using PLA and its thermomechanical chart. The red and green
planes represent Ta ct and Tr oom, respectively. PLA Tg = 60◦ C,
Tact = 67.5◦ C. (a) PLA ﬁlament is melted at Tprint > Tm . Layers
are extruded onto the print bed or on top of previously extruded layers in a single direction to make the ﬁrst group of layers. (b) Second
group of layers is extruded in a direction perpendicular to the extrusion direction of the ﬁrst group. (c) Finished square plate is cooled
to Troom while constrained by the print bed. (d) Sample is submerged
in a warm bath, T = Tact , Tg < Tact < Tm . The two groups of layers
contract in perpendicular directions, inducing opposing stress ﬁelds
and bistability (d1, d2). The heated sample can also be deformed
to an arbitrary shape (d3). (e) Sample is removed from bath and
cooled to Troom , causing it to become stiﬀ and monostable. Shapes
(e1) and (e2) are monostable structures whose shapes correspond to
the bistable conﬁgurations in (d1) and (d2), and (e3) is a monostable
structure whose shape is deﬁned by the arbitrary shape in (d3).
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we have found that higher activation temperatures lead to higher strains; however,
if Tact > 70◦ C, the PLA will begin to show cold crystallization eﬀects [40, 46]. This
increases the stiﬀness of the structure, and can cause it to lose bistability. Thus, the
ideal range for Tact is found to be Tg = 60◦ C < Tact < 70◦ .

3.3

Finite Element Models
The shells are analyzed with nonlinear ﬁnite element analysis (FEA) in Abaqus

using shell elements with an approximate global size of 1 mm. A center point is held
ﬁxed, while an experimentally observed 4% pre-strain is applied using an artiﬁcial
thermal strain. Experimentally observed material properties at Tact = 65◦ C are used,
and a bilayer composite layup section is applied. The shells initially deform to an
unstable equilibrium saddle shape. An enforced displacement is applied to the four
corners of the shell and then released to snap it to its ﬁrst stable state. The corners
are then displaced in the opposite direction to make it snap to its second stable state
(Figure 3.3). The coordinates of the nodes of each state are exported to Matlab.
A quadratic response surface is ﬁt to each set of points to extract curvature data.
Because the modeled shells are square and perfectly symmetric, the magnitude of the
curvature in each state is the same for the FEA models.

Figure 3.3. The FEA model for a basic [0/90] square plate is shown.
It will initially deform to a saddle shape, an unstable equilibrium. It
can then snap between its two stable states.
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Experimental and ﬁnite element curvature results are compared in Table 3.1 for
ﬁve square, [0/90] bistable samples. The curvatures of the two states of the experimental models are averaged. The mean relative error between the experimental
curvature and the FEA model curvature is 9.5%. However, the FEA model does
not accurately reﬂect the bistability threshold of the width to thickness aspect ratio.
This is found to be 66.7 experimentally, but 50 computationally. The behavior of the
printed shells is not expected to align perfectly with the FEA because of the many
imperfections of FDM 3D printing, including voids, inconsistent material properties,
and poor interfacial adhesion. A better understanding of these eﬀects is needed to
improve the model, and this remains future work.
Table 3.1. Experimental and FEA curvature data.
Experimental
Thickness Width
(mm)

(mm)

FEA

State 1

State 2

Average

State 1

State 2

Curvature

Curvature

Curvature

Curvature

(1/mm)

(1/mm)

(1/mm)

(1/mm)

(1/mm)

Relative

Curvature Error (%)

1.2

80.0

0.064

0.048

0.056

0.054

0.054

4.0

1.0

66.7

0.060

0.061

0.061

0.065

0.065

7.0

0.8

59.5

0.087

0.122

0.105

0.090

0.090

14.0

0.9

62.4

0.065

0.114

0.089

0.075

0.075

16.4

0.8

62.7

0.073

0.130

0.102

0.095

0.095

6.0

Even with these gaps, the FEA demonstrates accurate qualitative predictions of
the stable states of complex, multi-domain SBS. For example, the two-section plate
in Figure 3.4 has a [0/90] layup on one half and a [−45/45] layup on the other half.
This SBS exhibits bending on the [0/90] half and twisting on the [−45/45] half. The
FEA shows all four experimentally observed states (Figure 3.4). Leveraging the geometric freedom possible with 3D printing, plates with complex spatial distributions
of composite layups can be manufactured much more easily than with conventional
composite technology. For example, we create a shell inspired by the leaves of the
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Venus ﬂytrap, which have spatially distributed reinforcements [16]. While the experimental specimen shows some asymmetry due to printing defects, its two stable shapes
accurately mimic our bio-inspiration and align well with the FEA prediction. This
experimental specimen, the FEA model, and the natural trap are shown in Figure
3.5.

Figure 3.4. Experimental and FEA results of an SBS with a [0/90]
and [−45/45] sections. The contours show the z-direction displacement, U3, in mm. The SBS exhibits both twisting and bending in its
four stable states.

3.4

Summary
With the introduction of switchable bistable structures, we have demonstrated the

ability to combine pre-stress and the shape memory eﬀect to access multiple stable
states at elevated temperatures. These SBS can be printed with standard FDM 3D
printers, and the encoding of the stable states via distributed pre-stress is incorporated
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Figure 3.5. (a) An initially ﬂat 3D printed SBS with distributed
layups designed to mimic the stable states of the Venus ﬂytrap, shown
in (b). (c) The activated plate has two stable states (d) FEA shows
good qualitative agreement with the experimentally observed stable
states. The contours show the displacement in the z-direction, U3, in
mm.

into the printing process. This novel method of creating multistable structures enables
signiﬁcant geometric freedom in the design of composite layups, allowing for the
creation of multi-domain, bio-inspired structures. While the printed structures are
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subject to the defects common in FDM printing, they nevertheless correspond well
with ﬁnite element analysis using experimentally observed material properties. This
ability to encode multiple stable, stiﬀ shapes in a ﬂat printed structure has great
potential for use in robotics, aerospace, and commercial packing applications due to
its design ﬂexibility, eﬃciency, and resulting multifunctionality.
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4. CONCLUSIONS
4.1

Summary of Work
Through this research, we explore two diﬀerent advanced manufacturing methods

to achieve spatially distributed pre-strain via careful design and control of hierarchical architectures. First, a composite system of epoxy and magnetized aluminum
oxide platelets allows for the curvilinear alignment of reinforcements using rotating
magnetic ﬁelds. When the composite is cooled to room temperature after curing,
the resulting thermal pre-stress corresponds to the spatially varying alignment of the
platelets. This means the pre-strain at any point in the structure can be precisely tailored, resulting in highly tailored stable conﬁgurations. The nonlinear ﬁnite element
analysis of these structures is presented, using a custom Python script to precisely
model the local reinforcements. By investigating four sample models, we demonstrate
the impact that such a high degree of localized control has on the multistability and
stable shapes of the resulting structures. Conﬁgurations that would be unattainable
with conventional straight ﬁber composites, such as the complex curvatures of the
Venus ﬂytraps leaves, are possible with this technique. The FEA methodology developed here can be used to design snapping shells with spatially varying, curvilinear
reinforcements.
Distributed pre-strain can also be achieved using fused deposition modeling (FDM)
3D printing by taking advantage of the shape memory behavior of certain polymers.
Through the careful control of print settings to maximize the strain of the ﬁlament,
combined with the abrupt change in polymer chain mobility at the glass transition
temperature, we introduce switchable bistable structures (SBS). These SBS are elastic and bistable above Tg , but stiﬀ and monostable below Tg . SBS can have not
only many diﬀerent stable shapes, using multi-domain designs, but also drastically
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diﬀerent stiﬀnesses and load carrying capabilities. FDM 3D printing still suﬀers from
several common defects, including voids, poor interfacial adhesion, and varying material properties. Nevertheless, this research demonstrates the novel capability of
printing a ﬂat structure that can assume many diﬀerent stable conﬁgurations when
thermally activated. The geometric freedom of 3D printing may be leveraged to create
bio-inspired, multi-domain designs.

4.2

Outlook
While this research lays a foundation for multistable snapping shells via dis-

tributed pre-stress, more work remains to be done in order to fully understand the
potential of this approach. The concept of material hierarchy to achieve multistability may be extended to add further layers of multifunctionality. For example, the
spatial distribution of magnetic platelets could be used not only for distributed prestress, but also to enable localized actuation of a structure through external magnetic
ﬁelds. This may be combined with research on mechanical computing and smart
structures [47].
There is also the possibility of combining distributed pre-stress methods with a
wider range of geometries. Whereas the research presented here is conﬁned to thin,
largely 2D structures, expanding the design space to three dimensions would greatly
expand the potential applications of multistability through distributed pre-stress.
Magnetically responsive platelets have been successfully embedded and aligned in 3D
printed structures [34]. By incorporating functionalized platelets into 3D printing, it
would be possible to capture both the geometric freedom of 3D printing in addition to
the distributed, highly tailored material properties that adding platelets oﬀers. This
could be used to create far more complex snapping structures. Multistable structures with distributed pre-stress have the potential to greatly impact a wide range
of industries. The extreme degree of tailoring possible with distributed pre-stress, as
well as its independence from any speciﬁc material system, manufacturing method, or
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operating conditions, make it very promising for applications from morphing wings to
self-deploying medical devices. Any structure requiring highly tailored shape change
could be eﬃciently engineered using a hierarchical architecture with distributed prestress.

40

REFERENCES

[1] M. F. Ashby, “Materials Selection in Mechanical Design,” 2005, p. 624. [Online].
Available: http://dx.doi.org/10.1016/B978-1-85617-663-7.00011-4
[2] K. Otsuka and C. M. Wayman, Shape Memory Materials. Cambridge University
Press, 1999.
[3] A. Lendlein and S. Kelch, “Shape-Memory Eﬀect from Permanent Shape,” Angewandte Chemie International Edition, vol. 41, no. 12, pp. 2034–2057, 2002.
[4] M. W. Hyer, “Calculations of the Room-Temperature Shapes of Unsymmetric
Laminates,” Tech. Rep., 1981.
[5] E. Kebadze, S. D. Guest, and S. Pellegrino, “Bistable prestressed shell structures,” International Journal of Solids and Structures, vol. 41, no. 11-12, pp.
2801–2820, 2004.
[6] J. Hu, Shape Memory Polymers and Textiles, 1st ed.
Woodhead Publishing Limited, 2007.

Cambridge, England:

[7] M. Zarek, N. Mansour, S. Shapira, and D. Cohn, “4D Printing of Shape MemoryBased Personalized Endoluminal Medical Devices,” Macromolecular Rapid Communications, vol. 38, no. 2, pp. 1–6, 2017.
[8] K. Otsuka and K. Shimizu, “Pseudoelasticity and shape memory eﬀects in
alloys,” International Metals Reviews, vol. 31, no. 1, pp. 93–114, 1986. [Online].
Available: http://www.tandfonline.com/doi/full/10.1179/imtr.1986.31.1.93
[9] M. R. Schultz and M. W. Hyer, “Snap-Through of Unsymmetric Cross-Ply Laminates Using Piezoceramic Actuators,” Journal of Intelligent Materials Systems
and Structures, vol. 14, no. 12, pp. 795–814, 2003.
[10] S. Daynes, C. G. Diaconu, K. D. Potter, and P. M. Weaver, “Bistable Prestressed
Symmetric Laminates,” Journal of Composite Materials, vol. 44, no. 9, pp. 1119–
1137, 2010.
[11] D. M. Peeters, G. G. Lozano, and M. M. Abdalla, “Eﬀect of steering limit
constraints on the performance of variable stiﬀness laminates,” Computers and
Structures, vol. 196, pp. 94–111, 2018.
[12] Y. Cui and M. Santer, “Characterisation of tessellated bistable composite
laminates,” Composite Structures, vol. 137, pp. 93–104, 2016. [Online].
Available: http://dx.doi.org/10.1016/j.compstruct.2015.11.005
[13] P. Fratzl and R. Weinkamer, “Nature’s hierarchical materials,” Progress in
Materials Science, vol. 52, no. 8, pp. 1263–1334, 2007. [Online]. Available:
http://dx.doi.org/10.1016/j.pmatsci.2007.06.001

41
[14] P. Egan, R. Sinko, P. R. Leduc, and S. Keten, “The role of mechanics in
biological and bio-inspired systems,” Nature Communications, vol. 6, no. May,
pp. 1–12, 2015. [Online]. Available: http://dx.doi.org/10.1038/ncomms8418
[15] J. W. Dunlop and P. Fratzl, “Biological Composites,” Annual Review of Materials Research, vol. 40, no. 1, pp. 1–24, 2010.
[16] Y. Forterre, J. M. Skotheim, J. Dumais, and L. Mahadevan, “How the Venus
ﬂytrap snaps,” Nature, vol. 433, no. January, pp. 421–426, 2005.
[17] J. Edwards, D. Whitaker, S. Klionsky, and M. J. Laskowski, “A record breaking
pollen catapult,” Nature, vol. 435, no. May, p. 164, 2005.
[18] P. Marmottant, A. Ponomarenko, and D. Bienaimé, “The walk and
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A. PRINTING SWITCHABLE BISTABLE STRUCTURES
Printing Process
The following describes the method used to print SBS using the Ultimaker 3
Extended printer and Cura software.
1. Model the part in SolidWorks (or another CAD program) and export it as an
STL ﬁle. For multi-domain parts, each domain must be a separate STL ﬁle.
2. Open Cura and import the STL ﬁle(s).
3. Arrange the STL ﬁles on the build plate in Cura. For multi-domain parts, make
sure there is a small overlap between domains to ensure the ﬁnal part does not
fall apart.
4. Use the custom settings shown in Figure A.1 in Cura to set up the proper layup
architecture. This eliminates the top and bottom layers and makes everything
inﬁll in a “lines” pattern. (See Tips and Tricks for more information.)
5. Set the layup angles for the lines. For multi-domain parts, make this an individual property for each domain using “Per Model Settings.”
6. Change the view to layers to see the line direction layer by layer. Check that
that Cura is displaying the correct desired layups.
7. Save the print ﬁle.
8. Print.
9. To activate, heat a water bath to the desired activation temperature. Then submerge the part. After a few seconds, it will deform according to the programmed
pre-strain. It can then be manipulated with tweezers, tongs, or other tools.
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Figure A.1. Custom printer settings used in Cura to manufacture PLA SBS.

Tips and Tricks
• Build plate adhesion is unnecessary.
• Ensure the print is set to PLA and the correct extruder number.
• Turn oﬀ automatic view refresh when arranging multi-domain parts.
• There is a character limit when deﬁning layup angles in Cura. To get around
this, increase the inﬁll layer thickness parameter (this is separate from the print
layer thickness). For example, in Figure A.1, the layer height is 0.1 mm, but
the inﬁll layer thickness is 0.3 mm, and the overall part thickness is 0.6 mm. So
instead of inputting six layers [0/0/0/ − 45/ − 45/ − 45], only two need to be
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input: [0/ − 45]. This avoids going over the character limit, and the printed part
will still have six 0.1 mm layers.
• Use the middle mouse button to pan and the right mouse button to rotate the
view in Cura.

